The physicochemical properties of TOP (thimet oligopeptidase) and NEL (neurolysin) of NEL contributed to the flexibility of the loops formed by residues 600-612 (GHLAGGYDGQYYG; one-letter amino acid codes used) in NEL and 599-611 (GHLA-GGYDAQYYG; one-letter amino acid codes used) in TOP contributing to the distinct substrate specificities, particularly with an isoleucine residue at P 1 . TOP Y605A was inhibited less efficiently by JA-2 {N-[1-(R,S)-carboxy-3-phenylpropyl]Ala-Aib-Tyrp-aminobenzoate}, which suggested that the aromatic ring of Tyr 605 was an important anchor for its interaction with wild-type TOP. The hydroxy groups of Tyr 605 and Tyr 606 did not contribute to the pH-activity profiles, since the pKs obtained in the assays of mutants TOP Y605F and NEL Y606F were similar to those of wild-type peptidases. However, the pH-k cat /K m dependence curve of TOP Y605A differed from that of wild-type TOP and from TOP Y606F. These results provide insights into the residues involved in the substrate specificities of TOP and NEL and how they select cytosolic peptides for hydrolysis.
INTRODUCTION
TOP (thimet oligopeptidase; EC 3.4.24.15) and NEL (neurolysin; EC 3.4.24.16), which were initially detected and purified from rat brain homogenates [1, 2] , are zinc-dependent peptidases of the metallopeptidase M3 family that contain the HEXXH motif in their primary sequence [3] [4] [5] . Studies using specific inhibitors have suggested that TOP and NEL cleave bioactive peptides inside and outside the central nervous system [6] [7] [8] . In addition, the observation that TOP can degrade or bind to several MHC-I antigenic peptides [9] [10] [11] , which are 8-11 amino acid fragments generated in the cytoplasm by proteasomes [12] , raises the possibility that TOP, and perhaps NEL, may participate in the intracellular metabolism of peptides [13] [14] [15] .
A distinguishing feature of these peptidases is that their catalytic centres are located in a deep channel that provides access to only short peptides [5, 16] . In vitro, TOP and NEL hydrolyse many bioactive peptides, including bradykinin, neurotensin, opioid peptides, angiotensin I and gonadotrophin-releasing hormone [17] . All of these peptides are hydrolysed at the same peptide bonds by the two enzymes, except for neurotensin, which is hydrolysed at the Arg 8 -Arg 9 and Pro 10 -Tyr 11 peptide bonds by TOP and NEL respectively [17, 18] . Both peptidases show broad substrate specificities [18] [19] [20] , probably because a significant portion of the enzyme-binding site is lined with potentially flexible loops that allow reorganization of the active sites following substrate binding [5] . This characteristic is supported by the ability of TOP and NEL to accommodate different amino acid residues at subsites S 4 to S 3 [19] by temperature-and ionic strength-dependent shifts in the substrate cleavage sites [21] , by the activation of TOP and NEL by Na 2 SO 4 kosmotropic salt [21] , by the partial unfolding of TOP by urea, which inhibits the hydrolysis of pentapeptides but enhances the hydrolysis of nonapeptides [22] , and by the relatively high positive enthalpies and entropies for the activation of TOP and NEL, which suggest reorganization of the protein structure and/or water during catalysis [21] . Moreover, comparison of the crystallographic structures of TOP and NEL with the recently reported structures of Escherichia coli Dcp (dipeptidyl carboxypeptidase) and ACE (angiotensin-converting enzyme)-related carboxypeptidase (ACE2) suggests that TOP and NEL may also undergo a large hinge movement upon substrate or inhibitor binding that causes their deep open channels to close around the substrate or inhibitor [23, 24] .
The loops formed by residues 600-612 (GHLAGGYDGQY-YG; one-letter amino acid codes used) in NEL and residues 599-611 in TOP (GHLAGGYDAQYYG; one-letter amino acid codes used) are best positioned to participate in subsite S 1 [5, 16] . In NEL, the five glycine residues in the 13 amino acid loop provide the flexibility that results in an average main-chain temperature factor of 45 Å 2 (1 Å = 0.1 nm) based on analysis of the crystal structure [5] . The only difference between NEL and TOP within this loop is that Gly 608 in the NEL sequence is substituted by Ala 607 in the TOP sequence. The mutation A607G in TOP makes this enzyme at least ten times more efficient in hydrolysing Abz-GFSIFRQ-EDDnp [where Abz is o-aminobenzoyl and EDDnp is N- (2,4-dinitrophenyl) -ethylenediamine] [25] , indicating better accommodation of the branched side-chain of isoleucine (at substrate position P 1 ) in subsite S 1 . Hence, Ala 607 probably participates in substrate recognition by TOP and modulates the loop flexibility [25] . This interpretation is supported by the threedimensional structure that shows an average main-chain temperature factor of about 19 Å 2 for this loop, which is much lower than that observed for NEL (45 Å 2 ) [16] . In addition, of all the residues in this glycine-rich loop, Tyr 605 in TOP and Tyr 606 in NEL are the amino acids most likely to interact with the P 1 residue of the substrates [5, 16] .
In the present study, we investigated the structural and functional role of the amino acids in this loop using site-directed mutagenesis to replace Tyr 606 of NEL and Tyr 605 of TOP with a phenylalanine or alanine residue (NEL Y606F or Y606A and TOP Y605F or Y605A). In addition, we examined the influence of structural alterations on the catalytic activities of both oligopeptidases by preparing the NEL mutant G608A to complement results reported previously for the TOP mutant A607G [25] . The structures of wild-type and mutant TOP and NEL were compared by CD, by the kinetics of temperature denaturation based on the residual enzymatic activity, and by the intrinsic fluorescence of the proteins. The activities of the mutant enzymes were assayed using a FRET (fluorescence resonance energy transfer) peptide series with the sequence Abz-GFSXFRQ-EDDnp, where X is one of a variety of amino acids (Ala, Ile, Leu, Phe, Tyr, Trp, Ser, Gln, Glu, His, Arg or Pro) at position P 1 . The sensitivity of the TOP and NEL mutants to inhibition by JA-2 {N-[1-(R,S)-carboxy-3-phenylpropyl]Ala-Aib-Tyr-p-aminobenzoate}, an inhibitor for TOP [26] , and the influence of pH on the hydrolytic activities, were also examined.
MATERIALS AND METHODS

Site-directed mutagenesis, protein expression and purification
The QuikChange ® site-directed mutagenesis kit (Stratagene) was used to introduce specific point mutations in TOP and NEL wildtype cDNAs, as described previously [14] . The point mutations were all confirmed by DNA sequencing [14] and identified as TOP Y605F, TOP Y605A, TOP A607G, NEL Y606F, NEL Y606A and NEL G608A. Wild-type and mutant proteins were expressed in E. coli DH5α using the pGEX4T-2 plasmid containing cDNA encoding the desired protein (GE Healthcare), as described previously [17] . The recombinant proteins were purified to homogeneity by affinity chromatography on a glutathione-Sepharose column (GE Healthcare). After purification, all of the proteins were analysed using SDS/PAGE followed by staining with Coomassie Blue [17] . Protein batches with a homogeneity > 95 % were stored at − 80
• C and used in all subsequent analyses.
Peptide synthesis
Highly sensitive FRET peptides were synthesized by solid-phase procedures, as described previously [27] . All of the peptides were produced by the Fmoc (fluoren-9-ylmethoxycarbonyl) procedure in an automated bench-top simultaneous multiple solid-phase peptide synthesizer (PSSM 8 system; Shimadzu 
Kinetic assays
TOP and NEL activities were monitored spectrofluorimetrically in a Shimadzu RF-5301PC spectrofluorimeter using the FRET peptides as substrates, with excitation and emission wavelengths of 320 and 420 nm respectively. A standard cuvette (1 cm pathlength) containing 2 ml of substrate solution was placed in a thermostatically controlled cell compartment for 5 min before the addition of enzyme. Prior to the assay, TOP and its mutants were pre-activated by incubation with 0.5 mM DTT (dithiothrietol) for 5 min at 37
• C. The kinetic parameters of peptide hydrolysis were determined at 37
• C in 50 mM Tris/HCl buffer (pH 7.4), containing 100 mM NaCl. The pH was adjusted at 25
• C based on the temperature coefficient for Tris buffer [d(pKa)/dt = −0.031 pH units · K −1 ] and checked immediately before the assay at 37
• C using a model 710A Orion pH meter with an ATC (automatic temperature compensation) glass probe. The reaction was monitored continuously based on the fluorescence of the released product. The rate of increase in fluorescence was converted into moles of substrate hydrolysed per s based on the fluorescence curves of standard peptide solutions before and after total enzymatic hydrolysis. The concentration of the peptide solutions was determined by measuring the absorption of the 2,4-dinitrophenyl group at 365 nm (ε = 17 300 M −1 · cm −1 ). The enzyme concentration for initial rate determinations was chosen so that <5 % of the substrate was hydrolysed. The inner-filter effect was corrected using an empirical equation [28] , and the kinetic parameters were calculated according to Wilkinson [29] and using Eadie-Hofstee plots. The data were analysed and equations were fitted using Grafit (version 5.0; Erithacus Software) [30] . A nonlinear least square plot of eqn (1) was used to analyse the data for peptides that were cleaved at two bonds. The overall V was obtained from eqn (1) , whereas the values for V a and V b were calculated using the ratio of the areas taken from the integrated HPLC chromatogram. Additional information and discussion of this kinetic interpretation are provided in [19] .
Thermal stability
The kinetics of denaturation of the wild-type and mutant peptidases were monitored by measuring the residual activity and by following the intrinsic fluorescence during incubation at 50
The buffer used in the assays was 50 mM Tris/HCl (pH 7.4), containing 100 mM NaCl. The intrinsic fluorescence was monitored continuously (see above) with excitation at 280 nm and emission at 330 nm (2.5 nm slit-width in both cases). For the activity assays, the samples were incubated at 50
• C but the residual activity was measured at 37
• C using the FRET peptide Abz-GFSAFRQEDDnp as substrate and the same spectrofluorimetric conditions specified in the previous section. DTT (0.5 mM) was added to wild-type and mutant TOP. The final protein concentration in the assays was 2 µM.
pH-dependence of protein intrinsic fluorescence
The structural changes in wild-type TOP and its mutants Y605F, Y605A and A607G, and in wild-type NEL and its mutants Y606F, Y606A and G608A, as a function of pH, were studied by monitoring the intrinsic fluorescence of the proteins. A fourcomponent buffer system of constant ionic strength consisting of 25 mM glycine, 25 mM acetic acid, 25 mM Mes and 75 mM Tris was used, with 0.5 mM DTT being added to wild-type and mutant TOP. The emission spectra in the range 300-400 nm were collected at 37
• C using a fixed excitation at 280 nm (2.5 nm slitwidth), as described above. The final protein concentration in the assays was 2 µM.
pH-dependence of the kinetic parameters
The kinetic parameters k cat , K m and k cat /K m were determined over the pH range 5.0-9.8 using Abz-GFSAFRQ-EDDnp as the substrate in a four-component buffer system of constant ionic strength, as described above. DTT (0.5 mM) was added to assays using wild-type TOP and its mutants. Eqns (2) and (3) (shown below) were used in the non-linear regression analysis using the Grafit program [30] .
Eqn (2) fits data when the pH-activity profile depends upon two ionizing groups (double pKa) and does not assume that the activity is zero at high pH values. Limit 1 represents the limit of the acid limb (low pH), Limit 2 is the pH-independent maximum rate constant, K 1 and K 2 are the dissociation constants of a catalytically competent base and acid respectively, and Limit 3 is the limit of the alkaline limb (high pH), k = k cat or k cat /K m . In the present study, eqn (2) was used to study the pH-k cat /K m profile of wild-type TOP and its mutants Y605F and A607G, and wild-type NEL and its mutants Y606F, Y606A and G608A, otherwise eqn (3) was used.
Eqn (3) fits data when the pH-activity profile also depends upon two ionizing groups in a bell-shaped curve and the activities at low and high pHs are zero. k (Limit) corresponds to the pH-independent maximum rate constant, K 1 and K 2 are the dissociation constants of a catalytically competent base and acid respectively, and k = k cat or k cat /K m . Eqn (3) was used in the non-linear regression analysis of pH-k cat /K m for TOP Y605A and pH-k cat of wild-type TOP and its mutants Y605F, Y605A and A607G, and wild-type NEL and its mutant G608A. The pK 1 and pK 2 estimated from the pHk cat /K m curves were identified as pK e1 and pK e2 respectively, to differentiate them from the pK 1 and pK 2 values estimated from the pH-k cat profiles (pK es1 and pK es2 respectively).
Determination of inhibition parameters
Inhibition constants were determined using the TOP inhibitor JA-2 [26] , which was kindly provided by Dr A. Ian Smith (Department of Biochemistry and Molecular Biology, Monash University, Victoria, Australia). The constants were determined in a continuous assay using the FRET peptide Abz-GFSHFRQ-EDDnp as substrate. The equation used to calculate the K i values was 
CD
Far-UV CD spectra were recorded on a Jasco J-810 spectropolarimeter with a Peltier system for controlling cell temperature. The system was routinely calibrated with an aqueous solution of twice crystallized d-10 camphorsulfonic acid. Ellipticity was recorded as the mean residue molar ellipticity
. The spectrometer conditions typically included a sensitivity of 100 mdeg, a resolution of 0.5 nm, a response time of 4 s, a scan rate of 20 nm/min and 4 accumulations at 37
• C.
Protein concentration
Protein concentrations for the CD and intrinsic fluorescence experiments were determined as described by Gill and von Hippel [31] , whereas those for SDS/PAGE were determined using the Bradford dye-binding assay [32] using BSA as a standard.
Determination of peptide cleavage sites
The cleaved bonds were identified by isolating the resulting peptide fragments by HPLC and comparing the retention times of these fragments with those of authentic synthetic sequences and/ or by determining their molecular mass by MALDI-TOF MS and/or by peptide sequencing using a PPSQ-23 protein sequencer (Shimadzu).
RESULTS
Protein expression and characterization
Proteolytic removal of glutathione S-transferase and subsequent purification of the recombinant proteins yielded apparently homogeneous peptidases (purity > 95 %), as assessed by SDS/PAGE (results not shown). The protein yield (∼ 0.5 mg/l of culture medium) was similar for all of the expressed peptidases, suggesting that none of the mutations significantly affected the relative levels of TOP or NEL expression in E. coli DH5α.
To assess the structural integrity of the recombinant proteins, far-UV CD analyses were performed for all of the enzymes. Figures 1(A) and 1(B) show that the CD spectra of the TOP mutants Y605F, Y605A and A607G and of the NEL mutants Y606F, Y606A and G608A were similar to the spectrum of the corresponding wild-type enzymes. Similarly, there were no marked differences in the thermal stability ( Figure 1C ) or intrinsic fluorescence ( Figure 1D ) of the mutant peptidases when compared with the wild-type enzymes. However, the rates of denaturation were slower at high protein concentrations (results not shown). The pH dependence of the intrinsic fluorescence in wild-type and mutant TOP and NEL did not differ significantly (Figures 1E and 1F). In addition, wild-type and mutant TOP and NEL released zinc during thermal denaturation (50 • C), as detected using PAR [4-(2-pyridylazo)resorcinol] reagent (results not shown) [22] .
Hydrolysis of synthetic fluorogenic substrates
The catalytic activities of wild-type and mutant TOP and NEL were compared using FRET peptides based on the general structure Abz-GFSXFRQ-EDDnp (where X = Ala, Ile, Leu, Phe, Tyr, Trp, Ser, Gln, Glu, His, Arg or Pro). Wild-type TOP and NEL cleaved all of the peptides only at the X-Phe bond. However, the TOP mutant Y605A cleaved the peptides Abz-GFSWFRQEDDnp, Abz-GFSRFRQ-EDDnp, Abz-GFSLFRQ-EDDnp and Abz-GFSPFRQ-EDDnp at the Phe-Ser or X-Phe bonds ( Table 1 ), indicating that the substitution of Tyr 605 for an alanine residue allowed the amino acids Trp, Arg, Leu and Pro to fit into the S 2 subsite of the enzyme. In contrast, the NEL mutant Y606A did not hydrolyse the peptide Abz-GFSIFRQ-EDDnp, but cleaved the peptide Abz-GFSPFRQ-EDDnp at the Phe-Ser or Pro-Phe bonds ( Table 1 ). The kinetic parameters (K m , k cat and k cat /K m ) for the hydrolysis of the Abz-GFSXFRQ-EDDnp-based peptides are shown in Tables 1 and 2 , and Figure 2 provides a more direct comparison of the k cat /K m values for the wild-type and mutant peptidases.
TOP mutants Y605F, Y605A and A607G
The most notable difference between the activities of the TOP mutants Y605F and Y605A and the wild-type enzyme was the increase in k cat /K m for hydrolysis of the peptide Abz-GFSIFRQEDDnp ( Figure 2A ) that was attributable primarily to the high values for k cat (Table 1 ). This peptide was the worst substrate for wild-type TOP but was the best substrate for the TOP mutant Y605F. The peptide Abz-GFSEFRQ-EDDnp was also well hydrolysed by the TOP Y605F mutant compared with the wild-type enzyme, but the improvement in the k cat /K m values was significantly lower than for the hydrolysis of Abz-GFSIFRQ-EDDnp, with both k cat and K m contributing equally to the increase in k cat /K m ( Table 1 ). The TOP mutant Y605F hydrolysed Abz-GFSWFRQEDDnp with a higher k cat /K m than the wild-type enzyme, whereas for the TOP mutant Y605A this peptide was one of the poorest substrates. All of the other peptides in the Abz-GFSXFRQEDDnp series were less susceptible to these TOP mutants when compared with the wild-type form (Figure 2A) . The lack of a hydroxy group in the side chain of residue 605 in the TOP mutant Y605F resulted in a systematic increase in the K m values for the hydrolysis of all substrates except for those containing Glu and Pro. The highest k cat values for the TOP mutant Y605F were obtained with substrates containing hydrophobic amino acids at position P 1 ( Table 1) . The presence of an aromatic ring at position 605 in TOP was important for the hydrolysis of most of the substrates because the k cat /K m values for TOP Y605F were significantly greater than those for TOP Y605A, except for the hydrolysis of Abz-GFSAFRQ-EDDnp and Abz-GFSEFRQ-EDDnp. The K m values for hydrolysis by TOP Y605A were consistently higher than those for TOP Y605F, suggesting a role for the aromatic ring of residue 605 in TOP-substrate interactions ( Table 1) . The modification of residue 607 in TOP A607G significantly affected the kinetic parameters for the hydrolysis of Abz-GFSXFRQ-EDDnp-based peptides compared with wild-type peptidases ( Table 2 ). The k cat /K m values for TOP A607G were higher than those for wild-type enzyme towards substrates containing Ala, Ile, Ser, His, Arg or Pro (Figure 2A) , with these differences being attributable mainly to lower K m values for this mutant (Table 2 ). In contrast, the most significant decrease in the k cat /K m value (10-fold) was recorded for the hydrolysis of Abz-GFSQFRQ-EDDnp.
Comparison of the hydrolytic activities of the mutants revealed that TOP A607G was markedly more active in cleaving peptides containing Ala, Ser, His or Arg (Table 1 compared with  Table 2 ). Particularly noteworthy was the efficient hydrolysis of Abz-GFSSFRQ-EDDnp, Abz-GFSHFRQ-EDDnp and Abz-GFSRFRQ-EDDnp, which were poorly hydrolysed by Y605A. These findings suggested that the presence of a glycine residue at position 607 in TOP resulted in greater flexibility of the loop G 599 HLAGGYDAQYYG 611 , and that this in turn facilitated the correct positioning of Tyr 605 , thereby improving the hydrolytic efficiency of the enzyme, especially for substrates containing Ser, His or Arg at P 1 .
NEL mutants Y606F, Y606A and G608A
Wild-type NEL was less active than wild-type TOP in hydrolysing Abz-GFSXFRQ-EDDnp-based peptides (Table 1 or Table 2 ). However, the mutations Y606F and Y606A in the G 600 HLAG-GYDGQYYG 612 loop of NEL systematically reduced the k cat /K m values, except for the hydrolysis of Abz-GFSYFRQ-EDDnp by NEL Y606F and of Abz-GFSWFRQ-EDDnp by NEL Y606A ( Figure 2B ). These lower k cat /K m values resulted mainly from a reduction in the k cat values, although the K m values for the hydrolysis of most of the substrates were also increased (Table 1 ). In contrast with the enhanced activity of TOP Y605F and Y605A in hydrolysing Abz-GFSIFRQ-EDDnp, the NEL mutants Y606F and Y606A showed no significant hydrolysis of this peptide, indicating that the interaction of Ile with subsite S 1 of these NEL mutants was restricted.
Comparison of the kinetic parameters of NEL Y606F with those of the wild-type enzyme indicated that the hydroxy group at position 606 was important for NEL activity. The absence of an aromatic ring in the NEL mutant Y606A markedly affected the hydrolytic activity since this mutant showed the lowest k cat /K m values ( Table 1 ). The mutation of Gly to Ala in the loop G 600 HLAG-GYDGQYYG 612 of NEL G608A, which could restrict the flexibility of this region, increased the k cat /K m values for the hydrolysis of peptides containing Ala, Tyr, Trp and Pro but decreased the values for peptides containing Ile, Leu, Phe, Ser, Gln, Glu, His or Arg (Table 2) ; this variation in k cat /K m values resulted from changes in both k cat and K m . Thus in addition to the change in loop flexibility introduced by an alanine residue at position 608, the hydrolytic activity of NEL G608A was also influenced by the amino acid at position P 1 in the substrate. Similar behaviour was observed with TOP A607G, although the change in loop flexibility resulted in different patterns of peptide hydrolysis by TOP and NEL.
pH-dependence of the kinetic parameters Table 3 shows the pK e1 and pK e2 values calculated from experiments that examined the relationship between pH and k cat /K m . Despite the loss of catalytic efficiency towards Abz-GFSAFRQEDDnp following removal of the hydroxy group from residue 605 of TOP Y605F and residue 606 of NEL Y606F (Table 1) , there were no significant differences between the pK e1 and pK e2 values of the mutant and corresponding wild-type enzymes ( Figure 3 and Table 3 ).
The pK es1 and pK es2 determined from the pH-k cat profiles of wild-type and mutant TOP are shown in Table 3 . For wild-type NEL, the pK es1 and pK es2 were 5.6 + − 0.3 and 7.5 + − 0.2 respectively, with the estimated values for the NEL mutants being very similar to those of the native enzyme (results not shown). The pK e1 values were consistently higher than those of pK es1 in wild-type and mutant TOP and NEL (Table 3 ). In contrast, in the alkaline limb, the pK e2 values for wild-type TOP and its mutants were approximately 1 pH unit lower than the corresponding pK es2 , except for TOP Y605A, for which pK e2 and pK es2 did not differ (Table 3 ). Figure 3 shows the pH-k cat /K m and pH-k cat profiles for wild-type and mutant TOP. The distinct pH-dependence of the pH-k cat /K m profile of TOP Y605A in the alkaline limb indicated that this mutant present a distinct pH-dependence of the affinity by the assayed substrate. 
Hydrolysis of natural peptides
Inhibition by JA-2
The K i values for the inhibition of wild-type TOP and NEL and their mutants by JA-2 are shown in Table 4 . The greatest difference was observed with TOP Y605A which was inhibited with a K i 14-fold higher than the wild-type enzyme. In contrast, the K i value for TOP Y605F was only 1.7-fold higher than the wild-type peptidase. These data indicate a significant contribution of the Tyr 605 aromatic ring for JA-2 binding in the TOP active site. Wild-type NEL was inhibited less efficiently by JA-2 compared with wildtype TOP, and the K i values for NEL Y606F and Y606A were 2-3-fold higher than for wild-type NEL (Table 4) . TOP A607G was also inhibited by JA-2, but with a K i value 5.2-fold higher than for wild-type TOP; curiously, NEL G608A was inhibited more efficiently than wild-type NEL (Table 4 ). This finding suggests that the flexibility of the loop composed of residues 600-612 in NEL and 599-611 in TOP is important for JA-2 binding.
DISCUSSION
Wild-type TOP and NEL and their mutant forms did not present any significant differences that could be detected by far-UV CD analysis, thermal stability and pH-dependence of the protein intrinsic fluorescence assays (Figure 1 ). Therefore local structural modifications that possibly occur in the mutated forms of TOP and NEL studied in the present work did not affect their overall folding in an extension that could be detected by these methods. The replacement of Tyr 605 of TOP and Tyr 606 of NEL by a phenylalanine or alanine residue affected the parameters of hydrolysis obtained in the kinetic assays with FRET substrates (Table 1) indicating important roles for both hydroxy groups and aromatic rings of these tyrosine residues in the activities of both peptidases. The additional cleavage at the Phe-Ser bond only, verified in the hydrolysis of peptides with X = Leu, Trp, Arg and Pro of the Abz-GFSXFRQ-EDDnp series by TOP Y605A, indicated that this mutant can accommodate these amino acids at the S 2 subsite (Table1). These observations suggest that Tyr 605 and Tyr 606 of TOP and NEL respectively, participate in the S 1 constitution and/or help the correct positioning of the residues of other enzymes during catalysis. It is possible that other residues of the loop G 599 HLAGGYDAQYYG 611 of TOP or G 600 HLAGGYDGQY-YG 612 of NEL also play roles in the definition of the P 1 residue in substrate hydrolysis.
The flexibility of the specific loops, formed by residues 599-611 in TOP and 600-612 in NEL, seems to be important for the catalysis of both peptidases, as suggested by their crystallographic structures and previous studies [5, 16, 25] . Although direct interactions between the P 1 residues of the Abz-GFSXFRQ-EDDnp substrate-derived series with residues Ala 607 in wild-type TOP or Ala 608 in NEL G608A mutant cannot be totally excluded, changes in the flexibilities of the loops seems to be the most plausible explanation for the effects detected with these mutations (Table 2 ) [25] . Furthermore, this flexibility seems to be critical when an isoleucine residue is at the P 1 position as previously reported for TOP [25] and confirmed by the lower specificity constant observed in the hydrolysis of peptide containing isoleucine by NEL G608A in comparison with the hydrolysis by wild-type NEL ( Table 2) . The results obtained with the NEL G608A, where the mutation of Gly 608 to Ala in the loop G 600 HLAGGYD-GQYYG 612 of NEL possibly makes this segment less flexible, further supports the importance of this single difference between TOP and NEL when isoleucine is at the P 1 position of the substrate (Table 2) . On the other hand, NEL G608A hydrolysed more efficiently the peptides containing the aromatic residues (Tyr or Trp) at P 1 than NEL wild-type, especially considering the peptide Abz-GFSYFRQ-EDDnp.
Despite the important role of the hydroxy groups of Tyr 605 of TOP and of Tyr 606 of NEL in the catalytic efficiencies of these peptidases (Table 1) , the pK values obtained in the pH-activity assays with the mutants TOP Y605F and NEL Y606F were similar to those obtained with wild-type enzymes (Table 3) . These results indicate that the hydroxy groups of these tyrosine residues present pK values outside the pH range pH 5.0-9.8 or the ionization of these groups do not contribute significantly to the pK values obtained from the pH profiles. Mutant TOP Y605A presented a pH-k cat /K m dependence curve significantly different from that of wild-type and also from TOP Y606F ( Figure 3A and Table 3 ). This difference was not observed in the pH-k cat dependence curves ( Figure 3B and Table 3 ) suggesting that the ionizing group(s) that contribute to substrate affinity are different in this TOP mutant, or are differentially affected upon substrate binding in its mutant Y605A. The systematic lower pK es1 values compared with the respective pK e1 values indicate perturbation of this ionization due to the substrate binding. However, the pK e2 observed in pH-k cat /K m profiles of TOP is most probably a macroscopic constant involving contribution from changes with pH in the rate-determining step and/or ionization of more than one group [33] [34] [35] . The distinct pH-dependence between TOP wild-type and mutant Y605A might be due to different interactions of the substrate with other residues of the enzyme that contributes to substrate affinity and most probably these other residues are in the loop that contains this mutated tyrosine residue (G 599 HLAGGYDAQYYG 611 ).
